Vapor-grown carbon fiber (VGCF) reinforced aluminum matrix composites were fabricated by plasma sintering method, and their mechanical and thermal properties were investigated. The aluminum powders with average diameters of 1 mm, 3 mm and 30 mm were chosen as the matrix. The monolithic aluminum blocks were also fabricated by plasma sintering method in order to comparing with the composites. As decreasing the aluminum powder size, VGCFs became to disperse more uniformly in composites. Compared with the monolithic aluminum block, Vickers hardness of the composites was enhanced remarkably. For 1 mm aluminum powders, the increment rate of Vickers hardness of the composites to monolithic aluminum was as high as 78.3%. While the tensile strength of the composites was lower than that of the monolithic aluminum. In contrast, the coefficient of thermal expansion of composites with 1 mm or 3 mm and 30 mm aluminum powders were decreased and increased, respectively, compared with the aluminium blocks with their powder. The thermal conductivity of the composites also increased compared with that of the monolithic aluminum blocks, but was not dependent on the size of aluminum powders.
Introduction
Due to their excellent mechanical, electrical and thermal properties, the vapor-grown carbon fibers (VGCFs) [1] [2] [3] [4] [5] [6] can be used as an ideal reinforcement agent for light metals in order to improve the strength, rigidity and thermal expansion of metal matrix. Comparing with carbon nanotubes (CNTs), VGCFs have not only high cost performance, but also can be dispersed in the matrix more easily because of their larger diameter.
2) VGCF reinforced Al matrix composites (namely, VGCF/Al composite) is a promising materials as electronic packaging and thermal management application in the future. These composites will were required to possess low and tailorable coefficient of thermal expansion, high thermal conductivity, low cost and low density. 7, 8) However, the investigations on the mechanical and thermal properties of VGCF/Al composite have been rarely reported because of the higher aspect ratio of VGCFs, which results in poor dispersion of VGCF in Al matrix.
2) So that, to understanding the mechanical and thermal properties of VGCF/Al composites is very important. Moreover, the influence of dispersion of VGCF in Al matrix on the mechanical and thermal properties of composites has not yet been clarified. On the other hand, VGCFs are easily dispersed into the small sized Al powders because of the large specific surface area in small sized matrix. 9, 10) In this context, the Al powders with different diameter (1 mm, 3 mm and 30 mm, respectively) were used for starting materials of matrix to fabricate VGCF/Al composites.
Plasma sintering process [11] [12] [13] [14] [15] [16] [17] [18] shows a rapid densification with good heating efficiency, because the electric current flows through the sintered materials, directly. Furthermore, the sintering current can simultaneously break up the oxide film on the surface of Al powder particles. [15] [16] [17] The oxide film has disadvantage for the properties of the Al block. Thereby, plasma sintering is very effective technique for the fabrication of Al matrix composites with good mechanical, electrical and thermal properties.
In this study, the VGCF/Al composites were fabricated by plasma sintering with the mixture of VGCF and Al powder. The influences of the size of Al powders on the microstructure, mechanical and thermal properties of the assintered composites have been systematically investigated.
Experimental Procedure
VGCFs 1) used in this study was offered by Showa Denko Co. in Japan. Normally, VGCFs aggregate with several tensmicrometer secondary particles. Al powders used in this study have a purity of 99.95%, and their average diameters were 1 mm, 3 mm, and 30 mm, respectively. The configurations and physical properties of VGCF and Al are listed in literature. 1, 2, 18) VGCFs were immersed in ethanol by ultrasonic vibration (45 KHz) for 30 minutes. And then Al powders were added into the solution. The volume ratio of VGCFs and Al powders was 1 : 9. The mixed VGCF/Al-ethanol solution was milled by mechanical stirring assisting with ultrasonic vibration. Further, the mixed solution was transferred into an aluminum mixing jars loaded with 10 mm-size alumina balls. The initial weight ratio of ball and VGCF/Al mixtures was 5 : 1. The mixed solution was milled using a V-type ball milling with 50 rpm for 18 hours. Finally, the mixed solutions were dried at room temperature.
The mixed powders were plasma sintering-sintered for 0.6 ks with a pulse current of 100 A, the pulse-discharge time and pulse-cut time were both 100 ms, and the punch pressure was 15 MPa. The current density on the top surface of the graphite punch was 1.3 A/mm 2 . The mixed powders were heated to fixed maximum temperatures at 823-833 K for 1.8 ks under an applied uniaxial punch pressure of 50 MPa after the pulsed electrical discharge. The details of sintering conditions such as temperature control were described in our previous work.
14 ) The plasma sintering process was carried out under a vacuum condition (<10 À2 Pa). Monolithic Al blocks were fabricated by plasma sintering under the identical conditions using Al powders with the average diameters of 1 mm, 3 mm and 30 mm in order to compare with the composites.
The density of each sintered samples was measured by Archimedes principle. The distribution of VGCF in composites was investigated by an optical microscope (Metal Microscope OPTIPHOT-2, Nikon, Japan) and a scanning electron microscope (TOPCON SM-520, Japan). The hardness of the VGCF/Al composites and Al blocks was measured by using a Vickers hardness tester with the load of 500 g and the holding time of 15 s. The tensile strength of the samples was measured with constant crosshead speed of 2:0 Â 10 À3 s À1 at room temperature by using a tensile testing machine. The coefficient of thermal expansion (CTE) of samples was measured by the dilatometer (DIL 402 C, NETZSCH Inc., Germany.) from the room temperature to 623 K, which the sample dimension was 8 Â 25 mm 3 . The thermal conductivity (TC) of samples was measured by the laser flash thermal constants measuring apparatus (TC-700, ULVAC-RIKO Inc., Japan.) at the room temperature, which sample dimension was 10 Â 2 mm 3 .
Results and Discussion

Microstructure
The relative densities of all VGCF/Al composites and monolithic Al block were above 98.5%. Figure 1 shows the optical and scanning electron microscopy (SEM) image of the composites fabricated by using Al powders with average diameters of 1 mm, 3 mm and 30 mm, respectively. Moreover, the aggregation of VGCFs exhibits a preferential orientation, which results from the deformation of Al powders under the uniaxial pressure during the hot pressing.
On the other hand, in VGCF/3 mm Al composite both the areas, which is uniformly dispersed VGCFs and aggregated VGCFs has shown in Fig. 1(c) . This shows the large contact boundary area between VGCFs and Al powders could make a uniform distribution of VGCFs in Al matrix. 9) In addition, the X-ray diffraction (XRD) results in our previous study 18) revealed that the composites only consist of Al and VGCF. The diffraction peaks of other possible crystalline products such as Al 4 C 3 were not observed in VGCF/1 mm Al, VGCF/ 3 mm Al and VGCF/30 mm Al composites. Furthermore, the interfacial structures between VGCFs and Al matrix of VGCF/Al composites were investigated by TEM observation in our previous work. 3, 4, 19) It revealed that other crystalline carbide such as Al 4 C 3 was not observed in the interface between VGCFs and Al matrix in VGCF/Al composites. A small quantity of amorphous-like structure with about 10 nm in thickness was observed in the interface. On the other hand, VGCFs was stable under high temperatures up to 2273-3073 K due to similar structure to CNTs, and high temperature (3073 K) treatment increased the crystallinity of carbon structure of VGCFs.
2) It seems VGCFs is difficult to sinter unless the VGCFs collapse and then carbon atoms can immigrate. In the present work, it seems that the sintering temperature 823-833 K is not enough for the sintering of VGCFs under a pressure of 50 MPa. As a result, the interface of VGCF/VGCF in VGCFs aggregate is bonded by the weak Van der Waals forces. Figure 2 shows the comparison of Vickers hardness of VGCF/Al composites and Al blocks fabricated by using Al powder with different average diameter. As decreasing the size of the Al powders, both the corresponding composite and Al block possess higher Vickers hardness, which is attributed to the grain refinement of Al matrix. In addition, due to the high hardness of VGCFs, Vickers hardness of the composite is larger than that of the relative Al block. The increment rate of Vickers hardness (R V ) was defined as:
Mechanical properties
where the H c and H b are Vickers hardness of the VGCF/Al composite and Al block fabricated by using the same Al powders, respectively. As shown in Fig. 2 , the R V increases monotonically with reducing the diameter of Al powder, that is 30.5%, 35.8%, 78.3%, for 30 mm, 3 mm and 1 mm Al particle, respectively. The increment of R V can be explained by the dispersion of VGCFs in the Al matrix. Figure 1 shows that VGCFs in VGCF/1 mm Al composite are dispersed homogenously in the matrix, and thus VGCFs could be more uniform and effective with respect to reinforcement effects, which enables the VGCF/Al composite to endure diffusively the pressure generated by the tip of the hardness tester during the testing process. As a result, the corresponding R V is up to 78.3%, which is higher than that of the other two cases. However, for the VGCF/30 mm Al composite, the VGCFs were aggregated in the Al matrix. As VGCF/VGCF interface in VGCFs aggregate were bonded by Van der Waals forces, the sliding was happened easily along the interface between the surface at VGCF when the applied pressure was exerted on VGCFs aggregate. 2, 20, 21) This sliding at the interface between VGCFs resulted in decreasing of hardness of the VGCFs aggregates. As a result, R V of VGCF/30 mm Al composite is quite small. Figure 3 shows the tensile strengths of both VGCF/Al composites and Al blocks. The tensile strength of Al blocks increased with decreasing the size of the Al powders, which is caused by the grain refinement in Al matrix. In our previous study, 18) the interface between Al powder particles was bonded strongly because of breakdown of oxide film during plasma sintering. Thus, the metal/metal bonding is dominant in the Al blocks, and the effect of oxide film at Al powder particles for the mechanical properties of Al blocks could was neglect.
On the other hand, the tensile strengths of VGCF/Al composites are lower than that of the corresponding Al blocks. The tensile strength of composites is usually influenced by the interfacial bonding between the fiber and matrix. 22) The smaller tensile strengths of VGCF/Al composites can be explained by weak bonding at the interface between the VGCF and Al matrix because of the poor wettability between VGCFs and Al. 23) Moreover, the decrement rates of the tensile strength of the composites for the corresponding Al blocks are 18.8% for VGCF/1 mm Al composite, 39.3% for VGCF/3 mm Al composite and 62.1% for the VGCF/30 mm Al composite, respectively. Obviously, the decrement rate of the tensile strength of the composites is closely related to the dispersion of VGCFs in the Al matrix. For VGCF/30 mm Al composite, obvious aggregation of the VGCFs was observed in Al matrix as shown in Figs. 1(d) and (e). Moreover, a quantity of the VGCFs aggregates in VGCF/30 mm Al composite was larger than that of both the other composite. As VGCF/VGCF interfaces in VGCFs aggregate were bonded by Van der Waals forces, VGCFs aggregates remarkably reduced the tensile strength of VGCF/30 mm Al composite relative to that of the Al block.
In order to investigate the fracture mechanism, we have further performed SEM observations on the cross section of the VGCF/Al composites after tensile experiments. Figure 4 shows the SEM micrographs of the fractured cross sections. For VGCF/1 mm Al composite, it is clearly observed that the VGCFs were de-bonded from Al matrix, because of brittle amorphous structure in interface between VGCFs and Al. 3, 4, 19) For VGCF/3 mm Al composite, both of the uniformly dispersed VGCFs and aggregated VGCFs were observed. For VGCF/30 mm Al composite, only the aggregated VGCFs were observed, which is well consistent with results revealed in Fig. 1 . From the above results, it was concluded that the decrement rate of tensile strength of VGCF/Al composites depend on the quantity of VGCFs aggregates in the composites. Figure 5 shows the CTE of VGCF/Al composites and Al blocks. Due to the weakly bonding between VGCFs and Al matrix, the CTE of the VGCF/Al composite is higher than the theoretical value (21:1 Â 10 À6 /K) calculated from the rule of mixtures, which equation is as follows: 
Thermal properties
where the c , m and f are the CTE of the VGCF/Al composite, Al matrix and VGCFs, respectively; and V f is the volume fraction of the VGCFs in VGCF/Al composites. The high CTE is caused by weak interfacial bonding between the VGCF and Al matrix. For the VGCF/1 mm Al and VGCF/3 mm Al composites, the CTEs are a little smaller than that of Al blocks. The decrement rates were 3.2% and 1.7% respectively. In these two composites, the VGCFs were dispersed uniformly (or partially uniform) in the Al matrix, which suppress the expanding of the Al matrix, and thus leading to smaller CTEs. However, the CTE of VGCF/30 mm Al composite is higher than that of the Al block, which is different from the other two composites.
As shown in Figs. 1(c) and (e), VGCFs were aggregated mainly at the interface between Al particles in VGCF/30 mm Al composite. Consequently, VGCFs was difficult to suppress the expanding of the Al matrix due to the small contact area between VGCFs and Al matrix. Moreover, as VGCFs possess small diameter, extremely small volume density (0:05 Â 10 3 kg/m 3 ), 1) large aspect ratio and good mechanical strength etc., these properties of VGCFs make it difficult to obtain a high volume density of the fiber in a packed state by applying pressure. Conversely, when the applied pressure is released, the sample tends to be restored to its original state. This reversible response were called 'resiliency' by M. Endo et al.
2) The VGCFs revealed higher value of resiliency from their experimental results. This resiliency property of VGCFs resulted in that the VGCFs aggregates at interface between Al grains increased the coefficient of thermal expansion of VGCF/30 mm Al composite compared with Al block. Figure 6 shows the TCs of the 3 mm Al block and the VGCF/Al composites fabricated by using different diameters Al powder particles. The TC (112 W/(mÁK)) of Al block is lower than the standard value of Al (237 W/(mÁK)). Although the interface between Al particles bonded strongly because of breakdown of oxide layer by the pulse discharge process, [15] [16] [17] a small quantity of oxide remains in the neighborhood of interface between Al particles. These oxides at the interface between Al grains give rise to the thermal interfacial resistance, and reduce the TC of Al block. On the other hand, TC values of the VGCF/Al composites were larger than that of Al block. It was contributed to the reinforcement effect of VGCFs in composites. However, when TCs of the individual VGCF along the axis direction and Al matrix are 1200 W/(mÁK) 1) and 237 W/(mÁK), TC of VGCF/Al composites were remarkably reduced than the theoretical TC (333 W/(mÁK)) of composites by equation of rule of mixture. For VGCF/1 mm Al composite, it was attributed to the thermal resistance 24) at the VGCFs/Al interface. For VGCF/3 mm Al and VGCF/30 mm Al composites, it was attributed to the thermal resistances 24) at the VGCFs/Al interface and at the VGCF/VGCF interface. Whereas, the TC of all composites are almost same as shown in Fig. 6 . So far, the magnitude of thermal resistance at the VGCFs/Al interface and at the VGCF/VGCF interface is still unclear. Thus, the problem how the dispersion of VGCFs in Al matrix affect to TC in the composites need to be further investigate. 
Conclusions
